Introduction
Radio-frequency generated plasma surface treatments have been used to improve interfacial shear strength between aramid fibers and epoxies [1] . Many different plasma gasses have been used to either etch the fiber surface or plant reactive groups on the fiber surface. In either case, wetting of the fiber by the epoxy is improved and adhesion enhanced. Combinations of plasma treatments can further serve to increase IFSS over that realized by individual treatments. In this Letter we 'present the results of experiments using argon and oxygen plasmas, individually and in combination.
Materials
Poly(p-phenylene terephthalamide) fibers (Kevlar 49, E. I. duPont de Nemours & Co.) in the form of 1420 denier/WOO filament yarns 'with 017 finish were supplied by the manufacturer. A bis-phenol A epoxy (DER 331, Dow Chemical Co.) combined with a pentamine hardener (DEH 26, Dow Chemical Co.) was used as the resin system. Gasses used in the plasma treatmentsoxygen and argon-were industrial grade, and obtained from a local supplier.
Plasma treatment
A Harrick Plasma Cleaner, Model PDC-3XG, modified for greater power capabilities, was used for plasma generation. For all treatments, a power level of 92W was used.
After winding the fibers on specially formed glass racks, the racks were placed in the plasma chamber. Using a single-stage vacuum pump, the chamber was evacuated to 150 mTorr, and the candidate gas was allowed to flood the chamber. A flow meter on the gas supply was adjusted to provide continuous gas supply while a working chamber vacuum of 500 mTorr was maintained.
Interfacial shear stress measurement
The droplet or 'rnicrobond' test [2] was used~o assess t~e II!SS. The droplets wer~cured for.2h at 100°C. The dimensions of each droplet/fiber combination were measured pnor to testing using a light microscope. Tests were carried out at an extension rate of 2mm/min using an Instron Model 1122. All tests were performed at 20°C, 65% relative humidity. Using photoacoustic spectroscopy, difference spectra indicated that argon plasma treatments removed the surface finish from the fibers, without affecting the chemical nature of the polymer. Transmission spectroscopy indicated that subsequent treatments with oxygen increased the nitrogen content (NH and CN) on the surface. In the table below, the effects of the plasma treatments on fiber tensile strength are reported.
.
Effect of plasma treatments on fiber tensile strength. The IFSS measured using the droplet technique are presented in the table below. Because the fiber strength was so degraded after 4 min in oxygen plasma, these fibers were not included in this series.
Effect of plasma treatments on interfacial shear strength. not tested
Argon treatment alone somewhat reduces the strength of aramid fibers. SEM photomicrographs taken of fibers after argon treatment show no obvious deterioration of the fiber surface. Oxygen, on the other hand, does cause a change to the surface chemistry and texture; SEM photomicrographs show evidence of slight etching. The resulting decrease in strength of argontreated fibers is unexpected, but other data seem to be self-consistent. Oxygen treatment alone mcre~es .fiber~trength, argon decreases it. In the example of the use of oxygen for 1 min in combination With argon treatment, the oxygen treatment virtually makes up for the argon's decrease. At 2 min, the effect of the oxygen treatment predominates. Longer exposures to oxygen plasma cause severe etching and a resultant loss of fiber strength. The data indicate that moderate oxygen treatments cause no deleterious effects to fiber strength.
Turning to the results of the droplet tests, a small increase in average IFSS is seen with argon cleaning, although given the large variation, this is not significant. Treatment with oxygen does, however produce a marked increase. This increase is due to the added nitrogen content on the fibers' surface. This tends to increase wettability and also provides a potential chemical bond with the epoxy, and was also seen in experiments using ammonia plasmas [3] . At 1 min treatment with oxygen, the argon pretreatment makes no difference to the IFSS results, just as -was seen in the fiber strength results. Longer oxygen treatments do not produce better results.
